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Abstract: The completion of the human genome project 10 years ago was met with great 
optimism for improving drug therapy through personalized medicine approaches, with the 
anticipation that an era of genotype-guided patient prescribing was imminent. To some 
extent this has come to pass and a number of key pharmacogenomics markers of 
inter-individual drug response, for both safety and efficacy, have been identified and 
subsequently been adopted in clinical practice as pre -treatment genetic tests. However, the 
universal application of genetics in treatment guidance is still a long way off. This review 
will highlight important pharmacogenomic discoveries which have been facilitated by the 
human genome project and other milestone projects such as the International HapMap and 
1000 genomes, and by the continued development of geno typing and sequencing 
technologies, including rapid point of care pre -treatment genetic testing. However, there 
are still many challenges to implementation for the many other reported biomarkers which 
continue to languish within the discovery phase. As technology advances over the next 
10 years, and the costs fall, the field will see larger genetic data sets, including affordable 
whole genome sequences, which will, it is hoped, improve patient outcomes through better 
diagnostic, prognostic and predictive biomarkers. 
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1. Introduction 

The field of pharmacogenomics can trace its roots back to significantly earlier than the first draft 
publication human genome sequence in 2001 [1] and the subsequent completion in 2003. Indeed, 
the term "Pharmacogenetics" was first coined by Friedrich Vogel in 1959 [2], just 6 years after Watson 
and Crick's discovery of the structure of DNA [3]. 

Though significant progress has been made in the field since 2003, it could be argued that 
pharmacogenomics has failed to live up to expectations. A vast number of discoveries relating to 
genomic variability and drug response have been made in the last 10 years. The challenge remains to 
translate these findings into clinical practice for the benefit of the patient. 

2. The International HapMap Project 

The completion of the first phase of the International Hapmap project [4], a catalogue of common 
genetic variations within individuals of diverse ethnicities, in 2003, provided a rich data resource 
which enabled researchers to investigate the association of variants across the human genome with a 
wide range of clinical phenotypes. Indeed, the data derived from this allowed the creation of SNP 
arrays whereby researchers could analyze patient genotype for 100,000 s to millions of SNPs at a time. 
Thus, for the first time, unbiased genetic analysis of clinical phenotype/genotype associations was 
possible using platforms created for the Genome Wide Association Study (GWAS). More recent 
advances in genomics have seen the development of next generation sequencing methodologies which 
do not require a priori knowledge of genetic variation. 

Mining of the National Human Genome Institute (NHGRI) genome wide association study (GWAS) 
catalogue [5] (accessed on 22nd April 2014) showed that a total of 1885 peer-reviewed articles have been 
published reporting GWAS findings. However, only 93 (4.9%) are related to inter-individual variability of 
drug response phenotypes (either safety or efficacy). 

Despite the small numbers of studies to date, which have investigated common genetic variant 
associations with pharmacological phenotypes, a number of important genotype-phenotype associations 
have been identified in pharmacogenomics using GWAS approaches (Table 1). The interesting 
phenomenon, when compared with GWAS of complex diseases, is that the effect size for 
pharmacogenomics phenotypes on the whole seems to be larger than that observed for complex 
diseases, which allows for (a) smaller sample sizes to be studied, which is more time- and cost-efficient, 
and (b) some variants to be considered for clinical implementation in terms of use prior to drug 
prescription, which contrasts with complex diseases, where the relative risks identified are usually 
below 1.5 and have not been used clinically. Whilst common genetic variation has been shown, in a 
number of examples to be important factors determining inter-individual variability in drug response, 
the role of rare, or private, variants is unclear in pharmacogenomics phenotypes, and is an important 
area for further research. 



Genes 2014, 5 



432 



Table 1. Genetic biomarkers of (A) adverse drug reactions and (B) inter-individual variability of drug efficacy identified, or confirmed, from 
genome wide association studies identifying. 



A Year 


Drug 


Indication 


Phenotype 


Population 


Associated Loci 


SNP/AUele 


Ref. 


2008 


Simvastatin 


Hypercholesterolaemia 


Myopathy 


Caucasian 


SLCOIBI 


rs4149056 (c.521T>C/*5) 


[6] 


2008 


Bisphosphonate 


Multiple Myeloma 


Osteonecrosis of the jaw 


Spanish 


CYP2C8 


rs 1934951 


[V] 


2008 


Ximelagatran 


Anticoagulant 


Hepatotoxicity 


Caucasian 


HLA-DRB 1 


*07 and *02 


[8] 


2009 


Flucloxacillin 


Macrolide antibiotic 


Hepatotoxicity 


Caucasian 


HLA-B 


B*57:01 


[9] 


2011 


Carbamazepine 


Epilepsy 


Skin Rash/Hypersensitivity 


Japanese Causasian 


HLA-A 


A*31:01 


[10,11] 


2013 


Allopurinol 


Gout 


SJS-TEN 


Japanese 


HLA-B 


B*58:01 


[12] 


B Year 


Drug 


Indication 


Phenotype 


Population 


Gene Loci 


Allele 


Ref. 


2009 


Clopidogrel 


Antiplatelet 




Amish 


CYP2C19 


*2 


[13] 


2009 


Pegylated Interferon 


Hepatitis C 




Caucasian 


IFNL3 (IL-28B) 


rs 12979860 


[14] 


2009 


Warfarin 


Anticoagulant 




Caucasian 


CYP2C9andVKORCl 


*2,*3/c.-1639G>A 


[15] 
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3. The 1000 Genomes Project 

The first findings from the 1000 genomes project were reported in 2010 [16]. This has provided 
researchers with a population scale map of rare variants to complement and enrich existing knowledge 
of common variants gained from the HapMap project. With the per-base cost of sequencing using 
"next generation sequencing (NGS)" platforms continuing to fall, it is likely that studies will further 
investigate the role of rare genetic variants in defining variation in drug response phenotypes. 

A recent study reported the mapping of rare and common variants within 12 Cytochrome 
P450 genes, thought to be responsible for metabolizing 75% of prescribed drugs [17]. Using whole 
exome sequence data for 2203 African Americans and 4300 Caucasians, researchers were able to 
identify novel, potentially deleterious alleles in major drug metabolizing enzymes in 7.6%— 1 1.7% of 
individuals. The power of NGS technologies to identify rare variants could allow for greater 
understanding of their contribution to inter-individual variability in drug responses where common 
variants explain a limited degree of variability. One such example where rare variants may enhance 
our understanding of variability is the case of warfarin dose prediction. Incorporating CYP2C9*2, *3 
and VKORC1 polymorphisms along with clinical confounding factors into a dosing algorithm allows 
clinicians to predict -60% [18] of dose variability. However, it is entirely plausible that incorporating 
the contribution of rare functional genetic variants into such algorithms may in the future allow for 
even greater accuracy in warfarin dose prediction. Indeed a number of small scale studies and case 
reports have already identified rare missense variants in the VKORC1 gene in warfarin resistant 
patients [19-22]. Another example is drug-induced torsades de pointes where at least 10% of cases of 
may be due to rare mutations in the congenital long QT syndrome genes [23]. At least 23% of 
Caucasian subjects with drug-induced torsades de pointes carry a variant within 22 congenital 
arrhythmia genes (which include the 13 congenital long QT syndrome genes), compared with a 
background rate of 1.7% in 60 control subjects from the 1000 Genomes CEU data [24]. As greater 
numbers of NGS-based analyses in pharmacogenetic studies are undertaken, so the contribution of rare 
variants in other drug safety and efficacy phenotypes will be better understood. 

4. Non-Coding RNAs 

Large-scale, coordinated, international, research efforts, such as the ENCODE project [25] have 
expelled the myth that large regions of our human genome are "junk" DNA. Indeed, the presence of 
non-coding RNAs has altered the scientific community's perception of the central dogma of molecular 
biology. To date, only a very small number of studies have investigated the application of small 
non-coding RNA molecules as biomarkers of variable drug response. 

However, studies have shown a potential utility for specific microRNAs as markers of both 
drug-induced liver injury (miR-122 and -192) [26] and severe skin reactions (miR-18a-5p) [27]. 
Though such biomarkers are still at the discovery stage, further clinical validation may see these and 
other non-coding RNAs enter clinical practice as early-stage pharmacogenomics predictors of adverse 
drug reactions. 
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5. Clinical Utilization of Pharmacogenomics 

The biggest challenge that has faced the field of pharmacogenomics in the 10 years since the 
completion of the human genome project is clearly the application of genetic markers of variable drug 
response to decision- making in relation to prescribing. Indeed, as recently as 2011 it has been 
estimated that, of the >150,000 papers reporting claimed biomarkers, less than 100 has made it into 
clinical utility [28]. This of course refers to all biomarkers, not just pharmacogenomic biomarkers; 
whether pharmacogenomics biomarkers have been more successful is unclear, and would require 
formal analysis. 

There are currently 121 Food and Drug Administation (FDA) drug labels referring to pharmacogenetic 
biomarkers of drug safety or efficacy [29]. Only a very small proportion of these drug labels mandate 
clinicians to test for pharmacogenetic markers (e.g., abacavir and HLA-B*57:01; and carbamazepine 
and HLA-B*15:02 in Southern Asians). However, a large number of testing guideline position papers 
have been published by the Clinical Pharmacogenetics Implementation Consortium [30]. The aim of 
this collaborative effort is to help clinicians understand how genetic tests may be used to guide 
treatment decisions. 

One reason why many pharmacogenetic biomarkers have failed to move from discovery to clinical 
implementation is that many genotype/phenotype associations fail to be independently replicated. 
It has been recognized that variability in phenotype definition could contribute to this, particularly in 
relation to adverse drug reactions. To this end a number of phenotype standardization efforts have been 
undertaken in recent years. These include drug-induced skin injury [31], liver injury [32] and Torsade 
de Pointes (long-QT syndrome) [33]. It is hoped that, with studies applying consistent phenotype 
definitions, future pharmacogenetic studies may identify replicable pharmacogenetic biomarkers that, 
with sufficient weight of evidence, could find their way into clinical utility. Another reason for lack of 
replication is the inability to find replication sample sets, particularly where the phenotype is a rare 
adverse event. In such cases, functional genomic analyses may reduce false positives, and provide more 
confidence for implementation because of insights into the mechanism of effect of that biomarker. 

6. The Future... 

6.1. Point of Care Genetic Testing 

As our understanding of the human genome has grown, so the technology with which we can 
analyze it has developed in terms of speed and fidelity. The polymerase chain reaction, first described 
by Kary Mullis in 1983 [34], allowed sensitive analysis of DNA and ultimately yielded a number of 
pharmacogenetic biomarkers in the pre-genome era based on prior knowledge of gene function 
(candidate gene studies). As with our understanding of the genome, PCR-based technology has 
advanced significantly and now allows for rapid and accurate genotype detection. In recent years a 
number of studies have investigated the potential utility of rapid point-of-care (POC) genetic testing. 

Two key randomized control trials have recently utilized pre-treatment genetic testing, with POC 
devices, to guide the use of drugs used in cardiovascular medicine, the anticoagulant coumarin 
derivatives (e.g., warfarin) [35] and the antiplatelet drug clopidogrel [36]. The EU-PACT study [35] 
randomized patients to either genotype-guided or standard dosing. The genotype guided group, utilized 
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molecular beacon technology to genotype for the CYP2C9*2 and CYP2C9*3 variants and a promoter 
polymorphism of VKORC1 prior to the patient receiving warfarin. The results generated were then 
incorporated into a warfarin dose calculator, incorporating a number of key non-genetic factors 
affecting dose requirement. The warfarin trial found that patients randomized to pharmacogenetic-guided 
dosing spent a mean percentage time in the therapeutic range of 67.4% compared with 60.3% on the 
standard dosing protocol. In this example, the healthcare professional was presented with an 
individualized, genotype-guided dosing regimen for the patient based on not only clinical variables but 
also genetic factors. The technology used in the EU-PACT trial had a lead time of approximately 2 h to 
obtain the required genotypes. 

In the case of the RAPID-GENE trial [36], patients were typed for the CYP2C19*2 allele, which 
has been associated with a lack of efficacy of clopidogrel following percutaneous coronary 
intervention (PCI). Patients were randomized to standard (75 mg/day clopidogrel) or genotype-guided 
arms. In the genotype guided arm, patients carrying the CYP2C19*2 allele were prescribed 10 mg 
prasugrel while wild-type patients were given the standard therapy of 75 mg/day clopidogrel. The trial 
demonstrated that genotype-guided dosing significantly reduced adverse events (platelet reactivity) 
compared to standard treatment. The genotyping technology utilized for RAPID-GENE, the Spartan 
RX CYP2C19, is able to produce genotypes in less than 60 min. In August 2013, the Spartan RX 
CYP2C19 device became the first on-demand rapid genetic testing device for prescribing guidance to 
gain Food and Drug Administration (FDA) approval. However, it is important to note that it is not 
approved as a POC device and must be operated within a clinical laboratory environment. 

POC Genotype technologies continue to advance and molecular biology methodologies, such as 
SmartAmp 2 [37] are reducing the time to obtain a genotype further. It is already possible to determine 
genotypes for pharmacogenomics-related variants such as those associated with warfarin dose 
requirement (VKORC1 and CYP2C9) in 30-40 min [37,38]. With addition of micro fiuidics technology 
to devices [39,40], the size of the equipment for genotyping will decrease and subsequently, 
the portability will also increase. It is the ease of use and interpretation of results which are the key 
attributes for POC genetic test which will facilitate their adoption by health-care professionals. 
In future years, it is likely that many more devices and tests will be applied to clinical care and obtain 
regulatory approval. 

6.2. Companion Diagnostics 

For a number of years now the notion of "one size fits all" in both drug prescribing and drug 
development has seemed an outdated concept. Indeed, the pharmaceutical industry has re-focused its 
efforts away from the previous block buster drug model to develop more "niche-busting" products 
which are licensed alongside a companion diagnostic assay (Table 2). This allows for drugs which may 
be largely considered ineffective in the wider population to be targeted to a subset of patients likely to 
respond well to the treatment. To date, the vast majority of these have been developed in the oncology 
field but it is likely that many more examples of population stratification using genomics methodologies 
for targeted treatment will emerge for other indications. An added advantage of undertaking targeted 
therapies in cancer using companion diagnostics has been the rapid approvals obtained from the FDA, 
despite pivotal efficacy trials testing smaller numbers than is usual in non-stratified trials [41]. 
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While the majority of companion diagnostics products to date have focused on variation in 
pharmacodynamic factors for stratification, there is also a growing interest in individualizing drug 
doses based on pharmacokinetic variability. For example, dose escalation of tivantinib, a non-small 
cell lung cancer therapy, is based on stratification for the CYP2C19 genotype [42]. This is consistent 
with European Medicines Agency guidance on pharmacogenetic effects on drug pharmacokinetics [43]. 
Thus, in the future, it is likely that regulatory approval for a new drug could be dependent on dose 
stratification based on the underlying metabolizer phenotypes. 

6.3. Pre-Emptive Genotyping 

The possibility of pre-emptying genotyping is being explored in the U.S., for example, through 
the Vanderbilt Personalized Medicines Program, where patients are genotyped on a 184-variant 
platform [44]. The theory behind this approach is that if a genotype is available to the physician in the 
electronic medical record, at the point of prescribing, they will be able to make a rational decision as to 
the choice and/or dose of the drug. It also highlights an important issue in relation to the evidence for 
clinical implementation: we cannot possibly undertake randomised controlled trials or prospective 
studies for every genomic variant that is identified, and other methodologies for evaluating the clinical 
utility of a genomic biomarker will have to be utilized. It is also important to note that such 
information is already used by physicians with respect to non-pharmacogenomic tests, for example 
renal function tests allow clinicians to reduce the dose of a drug that is renally excreted [45]. Whether 
and how such pre -prescription genotyping will be used by prescribers, and whether it leads to 
improvement in clinical outcomes, will require careful evaluation over the next few years. Indeed it 
can be seen as a prelude to a time when whole genome sequencing is so cheap that is undertaken 
routinely with the data being available within electronic medical records. 

6.4. Personal Genomes and Clinical Applications 

The per-base cost of sequencing has fallen exponentially since 2003 and has for many years 
exceeded the trajectory of Moores Law (the number of transistors on integrated circuits approximately 
doubles every 2 years) [46]. With this is mind it is feasible to imagine in the not too distant future that 
whole genome sequencing will be a cost effective option for healthcare providers. However, with 
the >3 billion base pairs confirmed in 2003 by the human genome project and the complexity of 
interpreting the role of genetic variation in inter- individual drug response, it is likely the challenge for 
the next 10 years will be in producing the tools with which to interpret this data and provide 
meaningful outputs that can be utilized by healthcare professionals. 
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Table 2. In vitro companion diagnostic kits currently licensed by the Food and Drug Administration (FDA). 



Biomarkcr 


Prevalance 


Indication 


Drug 


Assay Kit 


Technology 


Manufacturer 










Inform 


FISH 


Ventana Medical Systems 










PathVysion # 


FISH 


Abbott Molecular Inc. 










SPOT-Light HER2 


CISH 


Life Technologies 










InSite HER2 


IHC 


Biogenex Laboratories, Inc. 


HER2 gene amplification 


22.2% [47] 


Breast cancer 


trastuzumab (Herceptin) 


HercepTest 
HER2 PharmDx 
HER2 PharmDx * 
PATHWAY Her2 
Bond Oracle 


ill/ 

IHC 

CISH 
FISH 
IHC 
IHC 


Dako Denmark 
Dako Denmark 
Dako Denmark 
Ventana Medical Systems 
Leica Biosystems 


EGFR protein expression 


60%-80% [48] 


Colorectal cancer 


cetuximab (Erbitux) 
panitumumab (Vectibix) 


EGFR pharmDx 


IHC 


Dako North America 


c-Kit protein expression 


100% [49] 


Gastrointestinal stromal tumours 


imatinib (Gleevac) 


c-kit pharmDx 


IHC 


Dako North America 


ALK gene rearrangement 


7.5% [50] 


Non-small cell lung cancer 


crizotinib (Xalkori) 


VYSIS 


FISH 


Abbott Molecular Inc. 


BRAF p. V600E mutation 


75.4% [51] 


Melanoma 


vemurafenib (Zelboraf) 


Cobas 4800 


Real-time PCR 


Roche Molecular Systems, Inc 


KRAS mutation 


30%-60% [52] 


Colorectal cancer 


cetuximb (Erbitux) 


therascreen 


Real-time PCR 


Qiagen 



* Indicated for assessment of breast cancer patients considered for pertuzumab (Perjeta) or # cyclophosphamide, doxorubicin, 5-FU treatment. 
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6.5. Ethical Considerations 

A key ethical issue with regard to the implementation of personalised medicine relates to the fact 
that it may lead to health inequalities, within and between countries. Given the costs related to 
developing, manufacturing and obtaining approval for genetic tests, in addition to defining the role of 
ethnic genetic differences, it is easy to see how resource poor countries and communities could miss 
out on the benefits of personalised medicine advances in the future. This may be offset by the advances 
in genomics technologies and the vast reduction in costs of implementing them that has taken place 
over the last 10 years. Another issue which is becoming increasingly important with the use of next 
generation sequencing technologies is whether patients should be informed about incidental findings. 
An analysis of 1000 participants' exomes showed that the frequency of actionable {i.e., pathogenic or 
likely pathogenic single nucleotide variants) incidental findings was 3.4% in European Caucasians and 
1.2% in Africans [53]. Some guidelines have been produced [54], but there is still controversy [54,55], 
and the debate will no doubt become more intense as more people have their genomes sequenced, and 
more variants are classified as being actionable. 

6. 6. Educating Stakeholders 

In order for pharmacogenomics, as one of the technologies that is important for personalised 
medicine, to realize wider uptake into healthcare provision, there needs to be greater awareness and 
education. This applies not only to healthcare professional but to patients who are the ultimate 
stakeholder in pharmacogenomics, and stand to gain the most if we can improve predictability of how 
patients will respond to drugs. 

Clinicians need to be made aware of the availability of genetic tests relating to treatment decisions, 
and how to interpret them. Lack of familiarity with genetic tests may be one reason for the poor uptake 
into clinical practice [45]. The lack of training is amongst the most common reasons cited as a barrier 
to pharmacogenomic implementation [56]. 

6. 7. Regulatory Environment 

There are of course many other issues which need to be tackled in order to facilitate the 
implementation of pharmacogenomic testing into clinical practice — many of these also apply to other 
bio marker strategies that are important for personalised medicine [41]. Amongst this is the regulatory 
environment, which has a big influence on the diagnostics industry. With the development of 
companion diagnostics, it will be important for there to be streamlined procedures which allow for 
simultaneous approval of the drug and diagnostic. There are differences between the FDA and 
European Medicines Agency for the development of companion diagnostics, with the latter being less 
stringent, but likely to adopt similar procedures in a drive to ensure there is global harmonization of 
the regulatory procedures needed for approval [57]. For the diagnostics industry, the requirement for a 
clinical utility study may become prohibitive in terms of cost, unless there are clear pathways for 
protection of intellectual property and re-imbursement. 
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7. Conclusions 

Since the completion of the human genome, there has been steady, albeit slow, progress in the 
identification and implementation of biomarkers into clinical practice. This progress is likely to 
continue, and hopefully accelerate as our ability to interrogate the human genome becomes more 
cost- and time-efficient, and we start embracing, and intelligently interpreting, different sources of data 
to define the clinical validity and utility of biomarkers. Outcomes research will thus become 
particularly important, and will depend on having access to curated electronic healthcare databases 
where patients can be followed longitudinally from the time of having a bio marker assessed to the time 
a drug is prescribed, and forward into the future to define the clinical outcome of the patient 
(in comparison to relevant a priori defined controls). 

Acknowledgments 

MP is a NIHR Senior Investigator. We thank the UK Department of Health (NHS Chair of 
Pharmacogenetics), Wolfson Foundation, EU-FP7 and the MRC (MRC Centre for Drug Safety 
Science) for grant funding. 

Author Contributions 

All authors contributed equally. 
Conflicts of Interest 

The authors declare no conflict of interest. 
References 

1. Lander, E.S.; Linton, L.M.; Birren, B.; Nusbaum, C; Zody, M.C.; Baldwin, J.; Devon, K.; 
Dewar, K.; Doyle, M.; FitzHugh, W.; et al. Initial sequencing and analysis of the human genome. 
Nature 2001, 409, 860-921. 

2. Vogel, F. Moderne probleme der humangenetik. Ergeb. Inn. Med. Kinderheilkd 1959, 12, 52-125. 

3. Watson, J.D.; Crick, F.H. Molecular structure of nucleic acids; a structure for deoxyribose nucleic 
acid. Nature 1953, 171, 737-738. 

4. International HapMap Consortium. The international hapmap project. Nature 2003, 426, 789-796. 

5. Hindorff, L.A.; Sethupathy, P.; Junkins, H.A.; Ramos, E.M.; Mehta, J.P.; Collins, F.S.; 
Manolio, T.A. Potential etiologic and functional implications of genome-wide association loci for 
human diseases and traits. Proc. Natl. Acad. Sci. USA 2009, 106, 9362-9367. 

6. Link, E.; Parish, S.; Armitage, J.; Bowman, L.; Heath, S.; Matsuda, F.; Gut, I.; Lathrop, M.; 
Collins, R. Slcolbl variants and statin-induced myopathy — A genomewide study. New Engl. J. 
Med. 2008, 359, 789-799. 



Genes 2014, 5 



440 



7. Sarasquete, M.E.; Garcia-Sanz, R.; Marin, L.; Alcoceba, M.; Chillon, M.C.; Balanzategui, A.; 
Santamaria, C; Rosinol, L.; de la Rubia, J.; Hernandez, M.T.; et al. Bisphosphonate-related 
osteonecrosis of the jaw is associated with polymorphisms of the cytochrome p450 cyp2c8 in 
multiple myeloma: A genome-wide single nucleotide polymorphism analysis. Blood 2008, 112, 
2709-2712. 

8. Kindmark, A.; Jawaid, A.; Harbron, C.G.; Barratt, B.J.; Bengtsson, O.F.; Andersson, T.B.; 
Carlsson, S.; Cederbrant, K.E.; Gibson, N.J.; Armstrong, M.; et al. Genome-wide 
pharmacogenetic investigation of a hepatic adverse event without clinical signs of 
immunopathology suggests an underlying immune pathogenesis. Pharmacogenomics J. 2008, 8, 
186-195. 

9. Daly, A.K.; Donaldson, P.T.; Bhatnagar, P.; Shen, Y.; Pe'er, I.; Floratos, A.; Daly, M.J.; 
Goldstein, D.B.; John, S.; Nelson, M.R.; et al. Hla-b*5701 genotype is a major determinant of 
drug-induced liver injury due to flucloxacillin. Nat. Genet. 2009, 41, 816-819. 

10. McCormack, M.; Alfirevic, A.; Bourgeois, S.; Farrell, J.J.; Kasperaviciute, D.; Carrington, M.; 
Sills, G.J.; Marson, T.; Jia, X.; de Bakker, P.I.; et al. Hla-a*3101 and carbamazepine-induced 
hypersensitivity reactions in europeans. New Engl. J. Med. 2011, 364, 1134-1143. 

11. Ozeki, T.; Mushiroda, T.; Yowang, A.; Takahashi, A.; Kubo, M.; Shirakata, Y.; Ikezawa, Z.; 
Iijima, M.; Shiohara, T.; Hashimoto, K.; et al. Genome-wide association study identifies 
hla-a*3101 allele as a genetic risk factor for carbamazepine-induced cutaneous adverse drug 
reactions in japanese population. Hum. Mol. Gen. 2011, 20, 1034-1041. 

12. Tohkin, M.; Kaniwa, N.; Saito, Y; Sugiyama, E.; Kurose, K.; Nishikawa, J.; Hasegawa, R.; 
Aihara, M.; Matsunaga, K.; Abe, M.; et al. A whole-genome association study of major 
determinants for allopurinol-related stevens-johnson syndrome and toxic epidermal necrolysis in 
japanese patients. Pharmacogenomics J. 2013, 13, 60-69. 

13. Shuldiner, A.R.; O'Connell, J.R.; Bliden, K.P.; Gandhi, A.; Ryan, K.; Horenstein, R.B.; 
Damcott, CM.; Pakyz, R.; Tantry, U.S.; Gibson, Q.; et al. Association of cytochrome p450 2cl9 
genotype with the antiplatelet effect and clinical efficacy of clopidogrel therapy. JAMA 2009, 302, 
849-857. 

14. Ge, D.; Fellay, J.; Thompson, A.J.; Simon, J.S.; Shianna, K.V.; Urban, T.J.; Heinzen, E.L.; 
Qiu, P.; Bertelsen, A.H.; Muir, A.J.; et al. Genetic variation in il28b predicts hepatitis c 
treatment-induced viral clearance. Nature 2009, 461, 399-401. 

15. Takeuchi, F.; McGinnis, R.; Bourgeois, S.; Barnes, C; Eriksson, N.; Soranzo, N.; Whittaker, P.; 
Ranganath, V.; Kumanduri, V.; McLaren, W.; et al. A genome-wide association study confirms 
vkorcl, cyp2c9, and cyp4f2 as principal genetic determinants of warfarin dose. PLoS Genet. 2009, 
5, el000433. 

16. The 1000 Genomes Project Consortium. A map of human genome variation from population-scale 
sequencing. Nature 2010, 467, 1061-1073. 

17. Gordon, A.S.; Tabor, H.K.; Johnson, A.D.; Snively, B.M.; Assimes, T.L.; Auer, P.L.; 
Ioannidis, J.P.; Peters, U; Robinson, J.G.; Sucheston, L.E.; et al. Quantifying rare, deleterious 
variation in 12 human cytochrome p450 drug-metabolism genes in a large-scale exome dataset. 
Hum. Mol. Gen. 2014. 23, 1957-1963. 



Genes 2014, 5 



441 



18. Wadelius, M.; Chen, L.Y.; Lindh, J.D.; Eriksson, N.; Ghori, M.J.; Bumpstead, S.; Holm, L.; 
McGinnis, R.; Rane, A.; Deloukas, P. The largest prospective warfarin-treated cohort supports 
genetic forecasting. Blood 2009, 113, 784-792. 

19. Ainle, F.N.; Mumford, A.; Tallon, E.; McCarthy, D.; Murphy, K. A vitamin k epoxide reductase 
complex subunit 1 mutation in an irish patient with warfarin resistance. Irish J. Med. Sci. 2008, 
177, 159-161. 

20. Harrington, D.J.; Gorska, R; Wheeler, R.; Davidson, S.; Murden, S.; Morse, C; Shearer, M.J.; 
Mumford, A.D. Pharmacodynamic resistance to warfarin is associated with nucleotide 
substitutions invkorcl. J. Thrombosis Haemost. 2008, 6, 1663-1670. 

21. Harrington, D.J.; Underwood, S.; Morse, C; Shearer, M.J.; Tuddenham, E.G.; Mumford, AD. 
Pharmacodynamic resistance to warfarin associated with a val66met substitution in vitamin k 
epoxide reductase complex subunit 1 . Thromb. Haemost. 2005, 93, 23-26. 

22. Rost, S.; Fregin, A.; Ivaskevicius, V.; Conzelmann, E.; Hortnagel, K.; Pelz, H.J.; Lappegard, K.; 
Seifried, E.; Scharrer, I.; Tuddenham, E.G.; et al. Mutations in vkorcl cause warfarin resistance 
and multiple coagulation factor deficiency type 2. Nature 2004, 427, 537-541. 

23. Behr, E.R; Roden, D. Drug-induced arrhythmia: Pharmacogenomic prescribing? Eur. Heart J. 
2013, 34, 89-95. 

24. Ramirez, AH.; Shaffer, CM.; Delaney, J.T.; Sexton, D.P.; Levy, S.E.; Rieder, M.J.; 
Nickerson, DA.; George, A.L., Jr.; Roden, D.M. Novel rare variants in congenital cardiac 
arrhythmia genes are frequent in drug-induced torsades de pointes. Pharmacogenomics J. 2013, 
13, 325-329. 

25. Consortium, E.P.; Bernstein, B.E.; Birney, E.; Dunham, I.; Green, E.D.; Gunter, C; Snyder, M. 
An integrated encyclopedia of DNA elements in the human genome. Nature 2012, 489, 51-1 A. 

26. Starkey Lewis, P. J.; Dear, J.; Piatt, V.; Simpson, K.J.; Craig, D.G.; Antoine, D.J.; French, N.S.; 
Dhaun, N.; Webb, D.J.; Costello, E.M.; et al. Circulating micrornas as potential markers of human 
drug-induced liver injury. Hepatology 2011, 54, 1767-1776. 

27. Ichihara, A.; Wang, Z.; Jinnin, M.; Izuno, Y.; Shimozono, N.; Yamane, K.; Fujisawa, A.; 
Moriya, C; Fukushima, S.; Inoue, Y.; et al. Upregulation of mir-18a-5p contributes to epidermal 
necrolysis in severe drug eruptions. J. Allergy Clin. Immunol. 2013, 133, 1065-1074. 

28. Poste, G. Bring on the biomarkers. Nature 2011, 469, 156-157. 

29. US Food and Drug Administration. Table of Pharmacogenomic Biomarkers in Drug Labeling. 
Available online: http://www.fda.gov/drugs/scienceresearch/researchareas/pharmacogenetics/ 
ucm083378.htm/ (6 November 2013). 

30. Relling, M.V.; Klein, T.E. Cpic: Clinical pharmacogenetics implementation consortium of the 
pharmacogenomics research network. Clin. Pharmacol. Ther. 2011, 89, 464-467. 

31. Pirmohamed, M.; Friedmann, P.S.; Molokhia, M.; Loke, Y.K.; Smith, C; Phillips, E.; 
La Grenade, L.; Carleton, B.; Papaluca-Amati, M.; Demoly, P.; et al. Phenotype standardization 
for immune-mediated drug-induced skin injury. Clin. Pharmacol. Ther. 2011, 89, 896-901. 

32. Pirmohamed, M.; Aithal, G.P.; Behr, E.; Daly, A.; Roden, D. The phenotype standardization 
project: Improving pharmacogenetic studies of serious adverse drug reactions. Clin. Pharmacol. 
Ther. 2011, 89, 784-785. 



Genes 2014, 5 



442 



33. Behr, E.R.; January, C; Schulze-Bahr, E.; Grace, A.A.; Kaab, S.; Fiszman, M.; Gathers, S.; 
Buckman, S.; Youssef, A.; Pirmohamed, M.; et al. The international serious adverse events 
consortium (isaec) phenotype standardization project for drug-induced torsades de pointes. Eur. 
Heart J. 2012. 34, 1958-1963 

34. Saiki, R.K.; Gelfand, D.H.; Stoffel, S.; Scharf, S.J.; Higuchi, R.; Horn, G.T.; Mullis, K.B.; 
Erlich, HA. Primer-directed enzymatic amplification of DNA with a thermostable DNA 
polymerase. Science 1988, 239, 487-491. 

35. Pirmohamed, M.; Burnside, G.; Eriksson, N.; Jorgensen, A.L.; Toh, C.H.; Nicholson, T.; 
Kesteven, P.; Christersson, C; Wahlstrom, B.; Stafberg, C; et al. A randomized trial of 
genotype-guided dosing of warfarin. New Engl. J. Med. 2013, 369, 2294-2303. 

36. Roberts, J.D.; Wells, G.A.; Le May, M.R.; Labinaz, M.; Glover, C; Froeschl, M.; Dick, A.; 
Marquis, J.F.; O'Brien, E.; Goncalves, S.; et al. Point-of-care genetic testing for personalisation of 
antiplatelet treatment (rapid gene): A prospective, randomised, proof-of-concept trial. Lancet 
2012, 379, 1705-1711. 

37. Lezhava, A.; Ishidao, T.; Ishizu, Y.; Naito, K.; Hanami, T.; Katayama, A.; Kogo, Y.; Soma, T.; 
Ikeda, S.; Murakami, K.; et al. Exciton primer- mediated snp detection in smartamp2 reactions. 
Hum. Mut. 2010, 31, 208-217. 

38. Aomori, T.; Yamamoto, K.; Oguchi-Katayama, A.; Kawai, Y.; Ishidao, T.; Mitani, Y.; Kogo, Y; 
Lezhava, A.; Fujita, Y.; Obayashi, K.; et al. Rapid single-nucleotide polymorphism detection of 
cytochrome p450 (cyp2c9) and vitamin k epoxide reductase (vkorcl) genes for the warfarin dose 
adjustment by the smart-amplification process version 2. Clin. Chem. 2009, 55, 804-812. 

39. Burn, J. Company profile: Quantumdx group limited. Pharmacogenomics 2013, 14, 1011-1015. 

40. Stedtfeld, R.D.; Tourlousse, D.M.; Seyrig, G.; Stedtfeld, T.M.; Kronlein, M.; Price, S.; 
Ahmad, F.; Gulari, E.; Tiedje, J.M.; Hashsham, SA. Gene-z: A device for point of care genetic 
testing using a smartphone. Lab. Chip 2012, 12, 1454-1462. 

41 . Realising the potential of stratified medicine; Academy of Medical Sciences: London, UK, 2013. 

42. Yamamoto, N.; Murakami, H.; Hayashi, H.; Fujisaka, Y.; Hirashima, T.; Takeda, K; 
Satouchi, M.; Miyoshi, K; Akinaga, S.; Takahashi, T.; et al. Cyp2cl9 genotype-based phase i 
studies of a c-met inhibitor tivantinib in combination with erlotinib, in advanced/metastatic 
non-small cell lung cancer. Br. J. Cancer 2013, 109, 2803-2809. 

43. European Medicines Agency. Guideline on the Use of Pharmacogenetic Methodologies in the 
Pharmacokinetic Evaluation of Medicinal Products. Available online: http://www.ema.europa.eu/docs/ 
en_GB/document_library/Scientific_guideline/2012/02/WC500121954.pdf (accessed on 30 October 
2012). 

44. Pulley, J.M.; Denny, J.C.; Peterson, J.F.; Bernard, G.R; Vnencak-Jones, C.L.; Ramirez, A.H.; 
Delaney, J.T.; Bowton, E.; Brothers, K; Johnson, K; et al. Operational implementation of 
prospective genotyping for personalized medicine: The design of the vanderbilt predict project. 
Clin. Pharmacol. Ther. 2012, 92, 87-95. 

45. Pirmohamed, M. Pharmacogenetics: Past, present and future. Drug Discov. Today 2011, 16, 
852-861. 

46. Moore, GE. Cramming more components onto integrated circuits. Electronics 1965, 38, 
114-117. 



Genes 2014, 5 



443 



47. Ross, J.S.; Slodkowska, E.A.; Symmans, W.F.; Pusztai, L.; Ravdin, P.M.; Hortobagyi, G.N. The 
her-2 receptor and breast cancer: Ten years of targeted anti-her-2 therapy and personalized 
medicine. Oncologist 2009, 14, 320-368. 

48. Goldstein, N.S.; Armin, M. Epidermal growth factor receptor immunohistochemical reactivity in 
patients with american joint committee on cancer stage iv colon adenocarcinoma: Implications for 
a standardized scoring system. Cancer 2001, 92, 1331-1346. 

49. Went, P.T.; Dirnhofer, S.; Bundi, M.; Mirlacher, M.; Schraml, P.; Mangialaio, S.; Dimitrijevic, S.; 
Kononen, J.; Lugli, A.; Simon, R.; et al. Prevalence of kit expression in human tumors. J. Clin. 
Oncol. 2004, 22, 4514-4522. 

50. Martelli, M.P.; Sozzi, G.; Hernandez, L.; Pettirossi, V.; Navarro, A.; Conte, D.; Gasparini, P.; 
Perrone, F.; Modena, P.; Pastorino, U.; et al. Eml4-alk rearrangement in non-small cell lung 
cancer and non-tumor lung tissues. Am. J. Pathol. 2009, 174, 661-670. 

51. Greaves, W.O.; Verma, S.; Patel, K.P.; Davies, M.A; Barkoh, B.A.; Galbincea, J.M.; Yao, H.; 
Lazar, A.; Aldape, K.D.; Medeiros, L.J., et al. Frequency and spectrum of braf mutations in a 
retrospective, single-institution study of 1112 cases of melanoma. J. Mol. Diagn. 2012, 15, 
220-226. 

52. Brink, M.; de Goeij, A.F.; Weijenberg, M.P.; Roemen, G.M.; Lentjes, M.H.; Pachen, M.M.; 
Smits, K.M.; de Bruine, A.P.; Goldbohm, R.A.; van den Brandt, PA. K-ras oncogene mutations 
in sporadic colorectal cancer in the netherlands cohort study. Carcinogenesis 2003, 24, 703-710. 

53. Dorschner, M.O.; Amendola, L.M.; Turner, E.H.; Robertson, P.D.; Shirts, B.H.; Gallego, C.J.; 
Bennett, R.L.; Jones, K.L.; Tokita, M.J.; Bennett, J.T., et al. Actionable, pathogenic incidental 
findings in 1,000 participants' exomes. Am. J. Hum. Genet. 2013, 93, 631-640. 

54. Green, R.C.; Berg, J.S.; Grody, W.W.; Kalia, S.S.; Korf, B.R.; Martin, C.L.; McGuire, A.L.; 
Nussbaum, R.L.; O'Daniel, J.M.; Ormond, K.E., et al. Acmg recommendations for reporting of 
incidental findings in clinical exome and genome sequencing. Genet. Med. 2013, 15, 565-574. 

55. Kocarnik, J.M.; Fullerton, S.M. Returning pleiotropic results from genetic testing to patients and 
research participants. JAMA 2014, 311, 795-796. 

56. Patel, H.N.; Ursan, I.D.; Zueger, P.M.; Cavallari, L.H.; Pickard, A.S. Stakeholder views on 
pharmacogenomic testing. Pharmacotherapy 2014, 34, 151-165. 

57. Senderowicz, A.M.; Pfaff, O. Similarities and differences in the oncology drug approval process 
between fda and european union with emphasis on in vitro companion diagnostics. Clin. Cancer 
Res. 2014, 20, 1445-1452. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.Org/licenses/by/3.0/). 



